This paper discusses algorithms for an interactive picture-processing system which would gather quantitative morphological information on four organelles (mitochondria, glycogen, smooth endoplasmic reticulum and rough endoplasmic reticulum) from electron micrographs of liver cells. Many investigations have shown that quantitative data is more indicative of an alteration of function than qualitative data. Unfortunately, the techniques to obtain quantitative data currently in use are slow and sometimes unreliable. The algorithm is a ladder-structured decision tree in which processing technique image resolution is a function of the depth in the decision tree. The algorithm will generate chain-encoded descriptions of each organelle discovered in the current image from which both quantitative and qualitative data may be extracted.
INTRODUCTION
Much study of electron micrographs has confirmed that a cell is "composed of a limited and well-definable spectrum of organelles. 'I ' Furthermore, it has been found that quantitative data, such as size and number, are more indicative of an alteration of function than qualitative data, such as shape. Morphometry, "the use of quantitative data in the description of structural features,"' is thus useful in cytology (cell analysis). done mostly by hand. A grid is placed over an electron micrograph, and the number of squares covered by an organelle is computed. The process is tedious, long (two to four hours), and thus subject to human error.
Size Analyzer which involves approximating the organelle by a circular disk projected onto the electron micrograph. While more convenient than pcint-counting planimetry, it is still subject to error. Furthermore, measurements of a linear organelle, such as endoplasmic reticulum, must still be done by hand.
Semi-automated techniques have been developed which offer some improvements over manual methods. In one such device a pointer scans the electron micrograph, a.nd t.he user identifies the Currently, measurements on organelles are Another method makes use of a Zeiss Particle organelle traversed by pressing the appropriate key; a computer records the lengths and then computes the appropriate morphological data.
Problems with this device include: (1) it is statistically inferior to point-counting for volumetric results;' ambiquous; and (3) the scanning device forces a quick decision, while point-counting allows time to contemplate the choice. ' developed which could perform morphometric analysis on liver cells. These include: (1) the Cytological Data Conversion (CYDAC) system6 which has the capability of logging microscopic images on tape in a format suitable for digital computer analysis; and (2) the CELLSCAN/'GCOPR system5 which can process images on-line, acceFtinq commands in the Golay-based language GLOL. However, most of these systems are general-purpose in nature and do not specifically address the problem of obtaining morphometric data of (liver) cells. A fully automatic microscope system, the Quantimet Image Analyzing Computer of Metals Research, Limited, does obtain quantitative data very quickly but was designed primarily for metallurgical applications and thus requires well-defined organelles, a condition only rarely met.
of an interactive picture-processing system capable of gathering morphological data on several organelles of the liver cell. Experience indicates that image processing is not yet powerful enough to locate and define all the cell components automatically, so to increase the effectiveness of the currently available techniques two limitations have been placed on the end system. identify the four principal organelles: (1) glycogen; (2) smooth endoplasmic reticulum (SER) ; ( 3 ) rough endoplasmic reticulum (RER); and (4) mitochondria. Second, the system will be interactive in nature, with the most difficult steps to be performed by a skilled biologist. The following paragraphs describe, first, the general structure of the proposed algorithm and, then, detail the current implementation of the portion of the overall system already completed.
(2) phase boundaries sometimes are There are several systems which have been
The goal of this research is the development First, the system will only be required to SYSTEM DESCRIPTION A photograph, taken through an electron microscope of a liver cell, is used as the input t o t h e i n t e r a c t i v e p i c t u r e -p r o c e s s i n g system.'" video camera is used t o o b t a i n g r a y -l e v e l informat i o n f o r i n p u t t o t h e computer.
The p r o c e s s i n g algorithm w i l l use a h i e r a r c h i c d e c i s i o n graph, similar t o t h a t of B a l l a r d and Sklansky d e t e c t i o n o f tumors i n c h e s t r a d i o g r a p h s .
f o r using a h i e r a r c h i c problem segmentation.
of a l l , a s e t of a l g o r i t h m s can be developed which a r e matched t o each s t a g e i n t h e problem s o l u t i o n . Secondly, by p r o p e r l y o r d e r i n g t h e d e c i s i o n t r e e t o l o c a t e t h e l a r g e r i t e m s f i r s t , t h e b e s t r e s o l u t i o n can a l s o be chosen f o r each t a s k .
T h i r d l y , t h e deeper we a r e i n t h e d e c i s i o n tree, t h e l e s s a r e a
Of t h e image needs t o be searched. F i n a l l y , i n f o rmation from p r e v i o u s nodes i n t h e t r e e can be used i n t h e p r o c e s s i n g of subsequent nodes o f t h e t r e e .
d e t e c t t h e mitochondria; ( 2 ) d e t e c t t h e glycogen; and ( 3 ) d e t e c t t h e SER and RER.
The mitochondria w i l l be t h e f i r s t o r g a n e l l e s i d e n t i f i e d , s i n c e t h e y are t h e l a r g e s t . The d a r k e s t r e g i o n s i n t h e image remaining a f t e r i d e n t i f i c a t i o n of t h e mitochondria w i l l t y p i c a l l y be glycogen; and, t h u s , t h e y a r e i d e n t i f i e d next.
A f t e r c l a s s i f y i n g t h e glycogen and mitochondria, most? of t h e edge elements remaini n g are e i t h e r SER o r RER; and, t h e r e f o r e , t h o s e o r g a n e l l e s a r e processed l a s t . A 
more d e t a i l e d d e s c r i p t i o n of each p r o c e s s i n g s t a g e follows. f e a t u r e of mitochondria, r e l a t i v e t o t h e r e s t of t h e cytoplasm, i s a r e l a t i v e l y low rate of change of gray l e v e l . The f i r s t s t e p i n t h e d e t e c t i o n o f mitochondria i s t h u s t o l o c a t e l a r g e r e g i o n s of
r e l a t i v e l y low g r a d i e n t s . This r e s u l t s i n t h e approximate boundaries o f t h e mitochondria. t h e s e approximate boundaries a s p l a n s , t h e second s t e p i n v o l v e s t h e use of a h e u r i s t i c s e a r c h o r dynamic programming-type a l g o r i t h m t o g e n e r a t e t h e e x a c t boundary. This approach i s s i m i l a r t o t h e work of B a l l a r d and Sklansky2 and K e l l y , 3 who introduced t h e concept o f edge d e t e c t i o n with planning. The f i n a l s t e p w i l l be t o r e c o r d t h e bounda r y i n chain-encoded form4 and t o s u b t r a c t t h e mitochondria from t h e image i n p r e p a r a t i o n f o r t h e n e x t node i n t h e d e c i s i o n tree.
Preliminary r e s u l t s a l s o i n d i c a t e d t h a t gly-
Secondly, an edge f o l l o w e r would be used t o l o c a t e a l l l i n e a r s t r u c t u r e s . F i n a l l y , a c l a s s i f i e r would i d e n t i f y each l i n e a r element as e i t h e r SER, RER, o r background material. Each SER and RER found w i l l be chain-encoded, as t h e o t h e r o r g a n e l l e s w e r e . 
The o u t p u t of t h e d e c i s i o n t r e e c o n s i s t s o f t h e chain-encoded d e s c r i p t i o n s of t h e mitochondria,

Preliminary study i n d i c a t e d t h a t an important
Using C u r r e n t l y , t h e d e t e c t i o n of SER and RER i s 'tSince t h i s study i s p r e l i m i n a r y , e x i s t i n g equipment w a s used.
glycogen, SER, and RER, as w e l l a s an image of t h e r e s i d u a l components o f t h e c e l l . The chain codes may t h e n be used t o g e n e r a t e e i t h e r q u a n t i t a t i v e o r q u a l i t a t i v e d a t a u s i n g any method d e s i r e d . P I C T U R E PROCESSING
A photograph, taken through an e l e c t r o n microscope o f a l i v e r c e l l , i s d i g i t i z e d t o 1 6 gray l e v e l s and s t o r e d i n an 81 x 1 4 4 a r r a y . T y p i c a l l y , one scene would c o n t a i n no more than f o u r mitochond r i a , along w i t h o t h e r o r g a n e l l e s and background m a t e r i a l . F i g . 1.
The i n p u t p i c t u r e i s , i n g e n e r a l , very n o i s y ; t h e r e f o r e , t h e image i s averaged w i t h a 3 x 3 averaging window t o smooth t h e n o i s e . The r e s u l t of t h i s o p e r a t i o n i s shown i n F i g .
Each p i x e l i s t h e n r e p l a c e d by t h e v a l u e of t h e g r a d i e n t a t t h a t p o i n t . While t h e use of a s t a n d a r d g r a d i e n t opera t o r i n an a t t e m p t t o d e f i n e t h e edges of t h e mitochondria f a i l s due t o t h e n o i s e p r e s e n t i n t h e image, t h e use o f a thresholded g r a d i e n t i s very e f f e c t i v e i n l o c a t i n g t h e i n t e r i o r r e g i o n s of t h e mitochondria.
Figure 3 i s a b i n a r y image of a l l t h e p i x e l s which have g r a d i e n t v a l u e less than a c e r t a i n t h r e s h o l d .
All t h e succeeding s t e p s a r e m e r e l y an a t t e m p t t o f i n d t h e boundary of t h e b l o b s of p i x e l s which are l a r g e enough t o be considered mitochond r i a . I t should be p o i n t e d o u t t h a t t h e choice of t h e t h r e s h o l d i s now done with human i n t e r a c t i o n .
A are found and t h e i r l e n g t h determined. Those boundaries which a r e l o n g e r t h a n a c e r t a i n amount a r e r e t a i n e d .
merging p r o c e s s i s t h e n performed on t h e d a t a o f F i g . 3 which i s designed t o form connected
The boundaries are t h e n a d j u s t e d t o e l i m i n a t e p o r t i o n s t h a t would cause t h e o v e r a l l contour t o be obviously nonconvex.
The f i n a l o u t p u t of t h i s procedure is shown i n F i g . 5. The r e s u l t i s n o t v i s u a l l y p l e a s i n g b u t , n e v e r t h e l e s s ,
A t t h i s p o i n t , t h e boundaries of t h e r e g i o n s 1. Find t h e c e n t e r of g r a v i t y of each b l o b , and l e t t h i s be t h e c e n t e r of t h e e l l i p s e .
t h e c e n t e r of each blob, and l e t t h i s be h a l f o f t h e major a x i s . 3 . Determine t h e l e n g t h o f t h e minor a x i s by measuring t h e d i s t a n c e 
. Find t h e p o i n t f a r t h e s t away from
The h e u r i s t i c search/dynamic programming DXGITIZED IIPJT PICTURE ELLIPSE Ll~PR0kIIIAT:ON procedure used i n t h i s system i s modeled on t h e procedure employed by B a l l a r d and Sklansky, and t h e r e a d e r i s r e f e r r e d t o t h e i r a r t i c l e f o r a more d e t a i l e d e x p l a n a t i o n . I n t h i s case t h e problem of choosing a s u i t a b l e s t a r t i n g p o i n t i s avoided by simultaneously f i n d i n g optimal curves from each p o s s i b l e s t a r t i n g p o i n t . A t each s t e p o f t h e s e a r c h , we append t h e b e s t curves of l e n g t h P t o t h e b e s t curves of l e n g t h P m a l manner t o o b t a i n t h e b e s t curves o f l e n g t h Pk = Pm + Pn.
a b l e t o i n c r e a s e n e a r l y g e o m e t r i c a l l y , due t o t h e knowledge of an approximate s o l u t i o n . The procedure stopped when t h e curve w a s c l o s e d . Knowledge of a p l a n allows u s t o d e f i n e t h e following parame- L e t be t h e l e n g t h of t h e p l a n boundary. b. Pk = 2Pk-l f o r 4 < P < .9L c.
+ E for .9L < P < 1.11.
where E i s t h e t h r e s h o l d used t o d e f i n e c l o s u r e .
When t h e g r a d i e n t , g ( x ) , i s l e s s than T , f o r XED, g ( x ) i s s e t equal t o T and t h e d i r e c t i o n o f t h e grad i e n t is set t o be c e n t r o i d a l l y o r i e n t e d . This w i l l tend t o f i l l i n gaps i n contour d a t a .
CONCLUSION
A l a d d e r -s t r u c t u r e d algorithm f o r e x t r a c t i n g morphological d a t a on t h e f o u r p r i n c i p a l organe l l e s o f t h e l i v e r c e l l h a s been d i s c u s s e d . The f i r s t s t e p of t h e o v e r a l l procedure involves l o c a t i n g and d e f i n i n g t h e boundaries of t h e mitochondria. Current methods of performing t h i s s t e p have been discussed. I t should be noted t h a t a c r u c i a l s t e p i n t h e p r e s e n t method i s choice of a t h r e s h o l d by human i n t e r v e n t i o n . Even though t h i s s t e p may e v e n t u a l l y be done a u t o m a t i c a l l y (based on histogram a n a l y s i s ) , i n t e r a c t i v e techniques reduce t h e complexity of t h e problem while r e t a i ni n g t h e u s e f u l n e s s o f t h e procedure, s i n c e it w i l l be both f a s t e r and less t e d i o u s than t h e manual techniques a l r e a d y d i s c u s s e d .
